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ABSTRACT 
Successive alkalinity producing systems (SAPS) are widely used for treating acid mine drainage 
(AMD) and alleviating clogging commonly occurring in limestone systems due to an amorphous 
ferric precipitate. In this study, iron dust, bone char, micrite and their admixtures were used to treat 
arsenic-containing AMD. A particular interest was devoted to arsenic removal performance, 
mineralogical constraints on arsenic retention ability and permeability variation during column 
experiment for 140 days. The results showed that the sequence of the arsenic removal capacity was 
as follows: bone char> micrite> iron dust. The combination of 20% v/v iron dust and 80% v/v bone 
char/micrite columns can achieve better hydraulic conductivity and phosphorus-retention capacity 
than single micrite and bone char columns. The addition of iron dust created reductive environment 
and resulted in the transformation of coating material from colloidal phase to secondary mineral 
phase, such as green rust and phosphoerrite, which obviously ameliorates hydraulic conductivity of 
systems. The sequential extraction experiments indicated that the stable fractions of arsenic in 
columns were enhanced with help of iron dust compared to single bone char and micrite columns. A 
combination of iron dust and micrite/bone char represented a potential SAPS for treating 
As-containing AMD. 
  
KEYWORDS: Arsenic, Acid mine drainage, Remediation, Permeability 
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1. Introduction  
Arsenic contamination is one of the most widespread current environmental problems and occurs 
mainly through acid mine drainage (AMD) originating from the oxidation of arsenic-bearing 
sulfides (e.g. arsenopyrite). Sorption is an effective treatment technology for removing arsenic from 
waste water. Various sorbents have been used to remove arsenic, including goethite [1], ferrihydrite 
[2], montmorillonite [3], titanium dioxide [4] and zeolite [5]. In addition to this method, other 
technologies include ion-exchange, co-precipitation and separation. The usefulness of a given 
treatment system depends on its effectiveness and cost. Several researchers have sought to develop 
inexpensive arsenic treatment technology for developing countries such as Bangladesh, including a 
mixture of sand and iron oxides [6-8].  
 
The open alkali channels (OAC) and permeable reactive barriers (PRB) are two of most 
conventional and effective treatment system for AMD. They consist of reactive media which enable 
the increase in pH of AMD and the removal of heavy metal and metalloids by adsorption, 
precipitation/coprecipitation and biological immobilization. The most common media in these 
systems are limestone and zerovalent iron. Limestone, extensively used in the OAC technology, has 
proven to be efficient in the neutralization of AMD and the removal of heavy metals. The problems 
occurring in this treatment system is clogging, which is macroscopic phenomena for the failure in 
hydraulic conductivity of channel or barrier caused by coating of alkali media. Fe
3+
 ions are the 
most common metal ions in acid mine drainage and are considered to be one important factor 
resulting in clogging of passive treatment system. The limestone-based systems lose efficacy for 
highly acidic and Fe-rich AMD [9]. The successive alkalinity producing system (SAPS) is 
recommended for reducing Fe
3+
 ions to the ferrous form prior to contact with the limestone layer, 
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and it is composed of organic layer and limestone layer. Although SAPS may be more efficient at 
permeability and treating net-acidic AMD [10, 11], periodically replacement of organic compost 
and flushing of the system is still necessary to increase its longevity and efficiency. Sulfate (SO4
2-
) 
and arsenate (AsO4
3-
) are two most common oxyanions in acid mine drainage, which comes from 
oxidization of pyrite and arsenopyrite, respectively. Zerovalent iron, which is used to treat arsenate 
(AsO4
3-
), chromate (CrO4
3-
) and organic compounds in PRB, has been proved useful to remove the 
contaminants by adsorption, co-precipitation and even reductive precipitation [12-14]. It has 
reported a pilot permeable reactive barrier consisting of a mixture of leaf compost, zero valent iron, 
limestone and gravel can effectively remove As(III) and As(V) and find they prefer to combine with 
oxygen and sulfur-bound forms using X-ray adsorption near edge structure [15]. But the other 
important significance of zerovalent iron is providing a reductive environment for the treatment 
system, just like the role of organic layer in SAPS. Additional common media for OAC and PRB is 
apatite; related model calculations and field trial confirms it can neutralize acid mine drainage and 
remove metals [16-19]. 
 
This work adopted iron dust, micrite and bone char and their mixtures to investigate their treatment 
effectiveness for a synthetic AMD with an emphasis on As retention ability and permeability 
variation caused by nature transform of surface coating. 
 
2. Materials and Experiments  
The chemicals used in this study were analytical grade. Seeing that Fe
3+
, SO4
2-
 and AsO4
3+
 are the 
mainly representative cations and anions in acid mine drainage and are responsible for clogging and 
arsenic pollution, respectively. The synthetic arsenic-containing acid mine drainage was prepared by 
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dissolving appropriated Na2HAsO47H2O, Fe2(SO4)3 and Na2SO4 in deionized water. The iron dust 
and bone char were obtained from Sichuan Steel Corporation and Sichuan Biochemistry Co., Ltd in 
China, respectively. The iron dust is residual zero valent iron. The bone char naturally is biological 
apatite by charring cow bones. The micrite was collected from strata of Jialingjiang formation of 
Triassic system in Sichuan province of China. The micrite is one of limestone components formed 
from calcareous particles ranging in diameter up to 4 m. The representative XRD patterns for 
Bone char and micrite are shown in Fig. 1. The XRD patterns correspond to hydroxyapatite (PDF 
73-0294) and calcite (PDF 71-1663) completely, and the data shows that little impurity in them 
(magnesium oxide in bone char). It is observed the obvious oxidization occurring in the iron dusts. 
The chemical components of filling media are presented in Table 1. 
 
Fig. 1 X-ray diffraction patterns of bone char and micrite 
 
Table 1 The chemical characteristic of filling media 
Filling media Chemical composition % 
 Fe Ca P Mg Na 
Iron dust 95.3 - - 0.34 0.12 
Bone char - 40.74 17.58 0.73 0.79 
Micrite 0.46 35.68 0.01 2.48 - 
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2.1. Batch Experiment 
The batch experiments were conducted on 250 ml conical flasks respectively for iron dust, bone 
char and micrite. The conical flasks containing different levels of As(V) or As(V) and 100 mg/l 
Fe
3+
solutions were placed on constant temperature oscillator (25 ℃) for 24 h at 100 rpm. In all 
experiment period, constant pH 4.0 was kept using 0.1 mol/L HCl and 0.1 mol/L NaOH. The pH of 
suspension solution was adjusted every half hour for the first four hours and every four hours after 
it. The suspension was filtered through syringe filter of 0.45 m pore size, acidified by diluted 
hydrochloric acid and then determined the As concentrations by atomic fluorescence 
spectrophotometer. 
 
2.2. Column experiment  
Column studies were conducted over a period of 140 days in 7 PE columns with a 30 mm 
diameter and 380 mm height. In the present study, all columns were packed with iron dust (180-425 
m), bone char (425-850 m), micrite (425-850 m) or their mixture as follow: column C1: (100% 
micrite); column C2: (100% bone char); column C3 (20% iron dusts and 80% micrite, layered, v/v), 
column C4 (20% iron dusts and 80% bone char, layered, v/v), column C5 (20% iron dusts, 40% 
micrite and 40% bone char, layered, v/v), column C6 (20% iron dusts, 40% micrite and 40% bone 
char, mixed, v/v) and column C7 (100% iron dusts). The schematic diagram of apparatus is given in 
Fig. 2. The columns had wire mesh at both ends to avoid particle flow outside. The each column 
was filled in twenty-eight increments to ensure the homogeneous pack. Deionized water was passed 
through all columns for 2 days to ensure systems become stable. The detailed packing conditions 
are presented in Table 1. The synthetic arsenic-containing AMD was kept in a closed container and 
pumped in an up-flow mode using a peristaltic pump at a flow rate of 600 ml/day. The average bed 
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volumes used is 2.3 per day. 
 
The pH and ORP were measured immediately after collection of samples from different columns 
by pH meter (Mettler Toledo) and ORP meter (Shanghai Leici) respectively. The pH meter was 
calibrated with three buffers (pH 4.01, 7.00 and 9.21) periodically. The suspension for elemental 
analysis was filtered through syringe filter of 0.45 m pore size. The sulfate concentrations were 
measured by ion chromatography (Dionex), arsenic concentrations were measured by atomic 
fluorescence spectrophotometer (Beijing Jitian), iron and phosphorus concentrations were measured 
by ICP (ThermoFisher). The scanning electron microscopy (SEM, SPI-3800N instrument) was used 
to characterize the morphology of secondary minerals after gold plating. 
 
Fig. 2 Schematic diagram of apparatus 
 
2.3. Hydraulic conductivity of columns  
The flow rates were 600 ml/day for all column experiments, corresponding to average pore water 
velocities of 0.13, 0.12, 0.12, 0.14, 0.16, 0.35 and 0.33 cm/min for columns C1, C2, C3, C4, C5, C6 
and C7, respectively. The permeability of columns can be characterized by saturated hydraulic 
conductivity (HCsat, cmmin
-1
), which can be obtained by a measurement of hydraulic head gradient 
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by using Darcy’s law [20]: 
z
H
AHCQ sat


  
Where Q is the flow rate (ml/min), A is the section area of the columns (cm
2
), H/z is the 
hydraulic slope (dimensionless), which can be calculated by using the elevation difference between 
water table in two piezometers divided by the distance between the two piezometers. The H varied 
with the run time can be read by piezometers (Fig. 2). For facilitating comparison between columns, 
HCsat values for each column were divided by the initial value, HCsat(t=0). The average value of 
HCsat(t=0) was 0.18  0.07 cm/min.   
Table 2 The initial characteristics of columns and synthetic acid mine drainage 
Column experiments 
Column number C1 C2 C3 C4 C5 C6 C7 
Filling pattern Layered Mixed layered 
Filling 
Media 
Iron dust 180-425 m V% 0 0 20 20 20 20 100 
Micrite 425-850 m V% 100 0 80 0 40 40 0 
Bone char 425-850 m V% 0 100 0 80 40 40 0 
Height  cm 38 
Diameter  cm 3.0 
Flow rate  mL/day 600 
Porosity  % 51 57 48 41 38 35 33 
Synthetic acid mine drainage 
pH  2.6 
As (V) mg/L 5 
Fe(III) mg/L 100 
SO4
2-
 mg/L 1500 
 
2.4. Sequential extraction method  
The samples (micrite or bone char) were collected from  10 cm height of each column, and 
ground using ball crusher (< 150 m). The samples crushed were determined all arsenic fractions 
using the sequential extraction method developed by Turpeine et al.[21]. The Turpeinen extraction 
method included five fractions: (i) exchangeable, (ii) easily reducible metal oxide bound, (iii) easily 
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oxidize, (iv) Fe and Al oxide bound, and (v) residual. This study simplified the procedure as follows: 
(i) unstable fraction (extracted by 0.1 M NH2OH.HCl (10 ml) + 0.01M HNO3 (15 ml); Shake for 30 
min at 25 ℃) , which is the total of exchangeable, easily reducible metal oxides and easily oxidized 
fractions; (ii) relatively stable fraction (extracted by 0.175 M (NH4)2C2O4(12.5 ml) + 0.1M C2H2O4 
(12.5 ml), pH 3.25 Shake for 30 min at 25 ℃), which equals to the fraction bound to Fe and Al 
oxides; (iii) more stable fraction (extracted by 32.5% HNO3 (10 ml); microwave 30 min), which 
equals to the residual fraction. Three groups of parallel test were carried out, and the results were 
their average. 1g samples crushed was added to 32.5% HNO3 (10 ml) and digested using 
microwave to determine the total As in media.  
3. Results and discussion  
3.1. Batch experiments  
The maximum adsorption capacities of iron dusts, bone char and micrite were determined using 
isotherm data via Langmuir modelisation: 
KC
KCQ
Qeq


1
max  
Where Qeq is the quantity of solute (As) sorbed per unit weight of solid adsorbent, Qmax is the 
maximum sorption capacity, K is an energy term which describes the magnitude of the initial slope 
that represents the affinity between solute and minerals.  
 
Isotherms equilibrium data are presented in Fig. 3. It was found that the correlation coefficients (R
2
) 
of Langmuir equation were 0.98, 0.96 and 0.96 for iron dusts, micrite and bone char, respectively. 
The maximum sorption capacity (Qmax) was determined to be 2.7, 3.2 and 6.6 mg/g for iron dusts, 
micrite and bone char. These results indicate that the tested materials ordered by increasing sorption 
performance based on Qmax were as follows: Bone char > micrite > iron dusts. Additionally, with 
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inspection of Langmuir data in presence of ferric ions, it is demonstrated that the adsorption 
capacity of bone char and micrite readily increases compared to the data in the presence of arsenic 
alone, but the data of iron dust is generally the same. Due to the surface of bone char and micrite 
particles become brownish; we deduce that the amorphous ferric coating forms, which is an 
important factor increasing adsorption capacity of the bone char and micrite due to its colloid nature. 
Our previous AFM and SEM studies show the amorphous coating can form on calcite surface after 
reaction 1 h and gradually change into goethite during aging [22]. It is reported that the maximum 
arsenic removal capacity of iron (oxy)hydroxides and schwertmannite (a less crystalline iron 
sulphate mineral) can reach 8.5 and 175 mg As /g sorbent [2, 23]. The conclusions indirectly 
confirm above deduction.  
 
Fig. 3 Adsorption isotherms of As for iron dusts, bone char and micrite, real points: in 
absence Fe(III) and hollow points: presence of Fe(III), line: fitting of Langmuir equation. 
 
3.2. Column experiment  
3.2.1. pH-ORP variation  
The pH and ORP variation of effluent from columns are shown in Fig. 4A and B, respectively. The 
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pH values of effluents are higher than influents. This is mainly attributed to minerals dissolution 
and arsenate adsorption. The reactions can be represented as follows: 
Fe
0
 + 2H
+
 → Fe2+ + H2 
CaCO3 + 2H
+
 → Ca2+ + CO2 + H2O 
Ca5(PO4)3OH + H
+
 → 5Ca2+ + 3PO4
3-
 + H2O 
SOH + AsO4
3-
 + 3H
+
 → SH2AsO4 + H2O 
It can be seen from Fig. 4A that micrite columns (C1 and C3, 100% micrite and 20% iron dust + 
80% micrite, respectively) have maintained higher and more stable pH values ( 7.0 for C1 and  
5.2 for C3) than that of bone char columns (C2 and C4, 100% bone char and 20% iron dust + 80% 
bone char, respectively), although the pH values of the latter are higher at the beginning. Therefore, 
it is proposed that different minerals have different acid buffering ability. The pH of C2 is higher 
than C1 and C7, but decreases dramatically in early days, and then loses its neutralization capacity. 
The addition of iron dust is conducive to maintain the pH of the effluent, especially for bone char 
(C4), the layer-packed pattern probably help system to maintain more stable pH of effluent than 
mixed-packed pattern. However, the addition of iron dust brings a pH decrease of 1.5 and 0.5 for C3 
and C4 during performance time, respectively. These effluent pHs are lower than the discharge limit 
of coal mine drainage (pH > 6) [10]. This is due to the difference in neutralization ability between 
iron dust and others.  
 
Fig. 4B shows the ORP variation of each column with time. The iron dust makes the ORP of 
effluents decrease from -300 mV to -180 mV, indicating it is perfect reductant. The partial addition 
of iron dust (20% v/v) has the same effect as the iron dust column. The layer-packed pattern 
provides more stable reductive environment than the mixed-packed pattern. For acid mine drainage 
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of high ferric concentration (> 100 mg/l), the reductive environment easily cause to formation of 
ferrous mineral or hydroxides (such as green rust and colloidal Fe(OH)2), inhibiting the formation 
of amorphous ferric (oxy)hydroxides which is deemed to be the important origin of the clogging of 
limestone system besides gypsum[24]. 
  
3.2.2. Arsenic removal  
The As concentrations of effluents from different columns are shown in Fig. 4C, which is lower than the safe 
drinking limit of 10 g/l (US EPA, 2001). The general removal effectiveness of columns is accordance with the 
result of batch experiments, viz. C2 (100% Apatite) > C1 (100% Micrite) ≈ C7 (100% Iron dust). For C7, the 
arsenic removal ability is enhanced unexpectedly over a period of time. This probably is caused by adsorption / 
co-precipitation of secondary iron minerals. The SEM images indicated green rust, iron precipitates and 
schwertmannite were observed in the columns. The study of field reactive barrier conducted by Wilkin et al. 
(2009) has confirm that zero valent iron can be effectively used to treatment arsenic contaminated groundwater 
[25]. The related laboratory study showed arsenic removal from iron hydroxycarbonate green rust is effective way 
in arsenic remediation using zero valent iron [26]. Schwertmannite has been reported to remove arsenic from 
water in acid streams in field and laboratory [27, 28]. 
 
3.2.3. Iron, phosphorus and sulfate removal  
The iron, phosphorus and sulfate concentrations of effluents from different columns are shown in 
Figs. 4D, E and F. The best iron removal performance is observed in C1 and C2. Although C1 and 
C2 have same iron removal capacity, the observed Fe occurrence zone of C1 is far less than C2 due 
to different dispersivity of Fe
3+
 ions in micrite and bone char. The more concentrated Fe
3+
 
enrichment zone must bring worse hydraulic conductivity. Therefore, it probably is important 
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reason which finally results in their different service life. The color of Fe occurrence zone of C3 
becomes light green compared to brown yellow in C1 once introducing iron dust, and its Fe 
concentration increases most significantly than others, which implying different immobilization 
ability between Fe
3+
 and Fe
2+
 ions in micrite.  
Compare to high phosphorus concentration released from C2, the phosphorus from C4 is 
inhibited markedly. The latter SEM analysis reveals the phosphorus of C4 is immobilized by 
secondary mineralization with Fe
3+
. Sulfate concentrations of each column basically vary little 
during run time. The removal capacity of C1 and C2 is relatively higher than others. 
 
Fig. 4 pH, ORP, As, Fetotal and P concentration variations of effluents from columns with 
bed volume  
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3. 3. Secondary mineralogy and column permeability 
The most common problem occurring in passive treatment system of limestone is clogging, 
which is caused by metal oxyhydroxides, hydroxysulphate and gypsum, especially colloidal Fe
3+
 
oxyhydroxides. The sufficient evidence on Fetotal release, secondary mineralogy on media surface 
and permeability variation of column with time was obtained from this investigation. 
 
The total iron concentrations (Fetotal) of effluents from each column with time are shown in Fig. 4. 
Its variation is comprehensive consequence of iron dust dissolution, Fe
3+ 
/ Fe
2+
 adsorption, colloidal 
and crystalline iron precipitation. The Fetotal concentration variation of effluent most likely links to 
the future development of hydraulic conductivity of column system. In practice, the limestone bed 
is not recommended for treating iron-rich AMD (> 5 mg/l) [9]. In our experiment, Fe
3+
 is retained 
completely in C1 and C2, and the residual concentrations of effluents are lower than the discharge 
limit of 6 mg/l for coal mine drainage [10]. It appears that the coating of micrite and bone char both 
is brown yellow. At the same time, it is observed that the effluents are clear. However, the 
HCsat/HCsat(t=0) of C1 rapidly decreases after 60 days, and HC is close to one thousandth of the 
original HCsat, eventually clogging in 110 days (Fig. 5), but this phenomena does not occur in 
column C2. This is probably due to the porous nature of bone char compared to fine micrite (Fig. 
6A and D). Another reason is different distribution of colloidal ferric coating on bone char and 
micrite columns, which occurs in bone char column (C2) uniformly and concentrates in the front 
end of micrite column (C1). More concentrated colloidal precipitates and worst hydraulic 
conductivity. The HCsat/HCsat(t=0) of C5 and C6 drops fastest due to their low porosity and relatively 
higher ORP than others, they finally clogged in 45 and 92 days, respectively. 
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Fig. 5 Variation of HCsat of each column with time 
In Fig. 5, it is shown that the lowest HCsat decrease appears in C7 for single media columns (C1, 
C2 and C7), although it has minimal porosity and relatively high Fetotal concentration. So, 
controlling oxidization reduction environment of system appears more effective in improving 
hydraulic conductivity than Fe
3+
 concentration. For bone char and micrite columns, once 
introducing 20 % v/v iron dust, the HCsat of C3 varies very little in contrast to that of C1, of which 
the final HCsat/HCsat(t=0) only decreases to 0.4. The addition of iron dust also ameliorated the 
permeability of C4 in contrast to C2 where some flavescent floc (probably ferric and phosphorus in 
nature) occurred in the top of C2 in 90 days and obvious cementation was found among bone char 
particles in the end of run. The probable reason for above these variations is the lower ORP 
conditions were maintained by iron dust, which probably inhibits ferric (oxy) hydroxides formation 
in these columns, especially C3. Fig. 7 provides theoretical explanation for these permeability 
variations, it shows that Fe
3+
 ions easily form amorphous FeOOH and Fe(OH)3 precipitates than 
Fe
2+
 ions. It also indicates Fe
2+
 is the main species in C3, C4, C5 and C7 by their water chemical 
conditions, but colloidal FeOOH is the main component in C1, C2 and C6. The further SEM 
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analysis provides a real insight for secondary mineralogy on media surface (Fig. 6).   
 
Fig. 6 Scanning electron micrographs of filling media and secondary minerals formatted on 
media surface. A: Fresh micrite; B: micrite after treatment in C1; C: micrite after treatment 
in C3; D: Fresh bone char; E: bone char after treatment in C2; F: bone char after treatment 
in C4; G: Iron rust after treatment in C7; H: mixture after treatment in C6. Gy = gypsum, Ph 
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= phosphoerrite, Gr = Green rust, Sh = Schwertmannite 
 
Fig. 7 Stability diagrams for the aqueous Fe-O-H2O system 
   
It is found that amorphous ferric precipitate obviously coats the micrite of C1 (Fig. 6B). It would 
be easy to come to the conclusion that this coating affects the activity of alkaline media and 
shortened the service life of treatment system [9-11, 29, 30]. In our experiment, comparing 
performance of C1 and C2, the introduction of iron dust prolongs for at least 30 days the 
neutralization ability of micrite. On the one hand, it changes dissolved Fe
3+
in influents into Fe
2+
. On 
the other hand, it maintains more reductive environment, inhabiting the formation of ferric 
precipitates (Fe(OH)3), only gypsum and siderite coated on micrite found in C3 (Fig. 6C). The 
process can be represented by the following equations: 
Fe
0
 + 2Fe
3+
 → 3Fe2+ 
Fe
2+
 + CO3
2-
 → FeCO3 (siderite) 
CaCO3 + 2H
+
 → Ca2+ + H2CO3 (pH<~6.4) 
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Ca
2+
 + SO4
2-
 → CaSO4 (gypsum) 
The influents of C2 and C4 are neutralized by OH
-
 release of bone char. The yellow ferric 
component occurs in the C2 during runtime compared to gray green ferrous component in C4, 
SEM-EDX analysis reveals the former is amorphous and the latter is phosphoerrite (Fig. 6F): 
Fe
2+
 + PO4
3-
 → Fe3(PO4)2 (phosphoerrite) 
 
The secondary phosphoerrite plays an important role in iron and phosphorus immobilization. The 
total iron concentration of effluents of C4 decreases to be half of C3 (Fig. 4D); in addition, the 
phosphorus released is completely immobilized to be below than 30 mg/l (Fig. 4E), which is far 
lower than the phosphorous concentration of C2 (> 400 mg/l). The use of combination of bone char 
and iron dust shows a perfect performance both in permeability and immobilization.  
 
Corrosion product of iron rust in this experiment is green rust, which is common secondary iron 
mineral observed in Zero Valence Iron Permeable Reactive Barrie (ZVI PRBs) [31]. It has layered 
hexagonal crystal (Fig. 6G), and occurs in the front ending of columns. It can be understood by 
considering the following reaction: 
4Fe
2+
 + 2Fe
3+
 + 14H2O + SO4
2-
 → [Fe2+4Fe
3+
2(OH)12][SO42H2O] + 12H
+
 (sulfate green rust) 
Additionally, magnetite is also observed in this experiment. This reaction can be represented by 
the following reaction: 
4H2O + Fe
2+
 + 2Fe
3+
 → 8H+ + Fe3O4 (magnetite)  
 
These ferrous minerals maintain stable reductive environment as redox buffers and keeps good 
permeability in these systems. The study conducted by Bartzs and Komnitsas (2010) also reveals 
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green rust, amorphous iron sulfide, mackinawite occurred in permeable active barrier where they 
used waste iron and silica sand to fill in [32]. But for C6, where ORP varies from - 60 to 200 mV, 
SEM reveals numerous schwertmannite (Fe8
3+
O8(SO4)(OH)6) crystals which have a spherical 
appearance with needling the diameter of which is less than 1 m (Fig. 6H). Because the 
schwertmannite is less crystalline in nature, it can be reasonably deduced that the sharp decreases of 
permeability for C6 could be related to the occurrence of schwertmannite. For C5, no obvious 
different secondary ferrous minerals are found. Other secondary iron mineral has been reported in 
zero valent iron permeable reactive barriers, such as iron hydroxyl carbonate [33], amorphous iron 
corrosion product [34]  
These results show the addition of iron rust (20% v/v) at the upstream end of the micrite and 
bone char columns can change the mineralogy of coating on their surface, and then ameliorate 
system permeability, even restrains phosphorus release.  
 
3.4. Arsenic retention ability 
Arsenic retention ability is evaluated using sequential extraction results. The arsenic removed 
from bone char and micrite are divided into three fractions procedurally: unstable fraction, 
relatively stable fraction and more stable fraction, which is a simplification of the procedure of 
Turpeine et al. [35]. The different fractions of arsenic from the columns are shown in Fig. 7. It can 
be seen that the addition of iron dust can make total arsenic quantity decrease from 1.8 mg/g to 1.3 
for micrite and from 3.2 mg/g to 2.4 mg/g for bone char, implying the iron dust plays important role 
in controlling arsenic immobilization. The more important is that 20% v/v addition of iron dust can 
increases relatively stable fraction of arsenic from 22.22% to 61.54% for micrite and from 28.13% 
to 33.33% for bone char. The greater the proportion of relatively stable fraction occurring in C2 and 
20 
C4 compared with that of C1 and C3 is attributed to stronger affinity between arsenic and available 
sites in a reductive environment. 
 
Fig. 8 Three fractions of arsenic from columns  
4. Conclusions   
In view of the ready availability of micrite, bone char and iron dust in Sichuan province of 
China, their use for treatment of acid mine drainage or rural arsenic-contaminated groundwater 
would be relatively inexpensive. This study confirmed that combinations of iron dust and micrite or 
bone char both are alternative methodology similar to successive alkalinity producing systems for 
treating acid mine drainage. Following points can be summarized from our studies: 
(1) As(V) removal capacities of three media are bone char > micrite > iron dust, Ferric ions could 
increases their capacities.  
(2) Long-term permeabilities of three media during treatment of acid mine drainage are iron dust > 
bone char > micrite, even the prorosity of iron dust is the least. With addition of iron dust (20% v/v), 
it makes the permeability of micrite column increase to three orders of magnitude and avoid 
clogging during overall runtime. The combination of iron dust and bone char could obtains the best 
hydraulic conductivity. 
21 
(3) The secondary mineral phases are important factor controlling hydraulic conductivity of 
systems. Combination of iron dust with micrite and bone char can result in occurrence of new 
secondary crystalline ferric/ ferrous or ferrous mineral, such as green rust and phosphoerrite, 
compared to amorphous ferric precipitates and schwertmannite in alone media system.  
(4) The addition of iron dust can increase relatively stable fraction of arsenic and enhance arsenic 
retention ability for both micrite and bone char columns. The phosphorus released of bone char also 
can be inhabited significantly by combination with iron dust. 
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Table 1 The chemical characteristic of filling media 
Filling media Chemical composition % 
 Fe Ca P Mg Na 
Iron dust 95.3 - - 0.34 0.12 
Bone char - 40.74 17.58 0.73 0.79 
Micrite 0.46 35.68 0.01 2.48 - 
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Table 2 
 
Column experiments 
Column number C1 C2 C3 C4 C5 C6 C7 
Filling pattern Layered Mixed layered 
Filling 
Media 
Iron dust 180-425 m V% 0 0 20 20 20 20 100 
Micrite 425-850 m V% 100 0 80 0 40 40 0 
Bone char 425-850 m V% 0 100 0 80 40 40 0 
Height  cm 38 
Diameter  cm 3.0 
Flow rate  mL/day 600 
Porosity  % 51 57 48 41 38 35 33 
Synthetic acid mine drainage 
pH  2.6 
As (V) mg/L 5 
Fe(III) mg/L 100 
SO4
2-
 mg/L 1500 
27 
LIST OF FIGURES 
Fig. 1 X-ray diffraction patterns of bone char and micrite 
 
Fig. 2 Schematic diagram of apparatus  
 
Fig. 3 Adsorption isotherms of As for iron dusts, bone char and micrite, real points: in absence 
 Fe
3+
and hollow points: presence of Fe
3+
, line: fitting of Langmuir equation. 
 
Fig. 4 pH, ORP, As, Fetotal and P concentration variations of effluents from columns with bed 
volume 
 
Fig. 5 Variation of HCsat of each column with time 
 
Fig. 6 Scanning electron micrographs of filling media and secondary minerals formatted on media 
surface. A: Fresh micrite; B: micrite after treatment in C1; C: micrite after treatment in C3; D: 
Fresh bone char; E: bone char after treatment in C2; F: bone char after treatment in C4; G: Iron 
rust after treatment in C7; H: mixture after treatment in C6. Gy = gypsum, Ph = phosphoerrite, 
Gr = Green rust, Sh = Schwertmannite 
 
 
Fig. 7 Stability diagrams for the aqueous Fe-O-H2O system 
 
Fig. 8 Three fractions of arsenic from columns 
28 
 
Fig. 1 X-ray diffraction patterns of bone char and micrite 
 
29 
 
Fig. 2 Schematic diagram of apparatus 
30 
 
Fig. 3 Adsorption isotherms of As for iron dusts, bone char and micrite, real points: in 
absence Fe
3+
and hollow points: presence of Fe
3+
, line: fitting of Langmuir equation. 
31 
 
Fig. 4 pH, ORP, As, Fetotal and P concentration variations of effluents from columns with 
bed volume  
32 
 
Fig. 5 Variation of HCsat of each column with time. 
33 
 
Fig. 6 Scanning electron micrographs of filling media and secondary minerals formatted on 
media surface. A: Fresh micrite; B: micrite after treatment in C1; C: micrite after treatment 
in C3; D: Fresh bone char; E: bone char after treatment in C2; F: bone char after treatment 
in C4; G: Iron rust after treatment in C7; H: mixture after treatment in C6. Gy = gypsum, Ph 
= phosphoerrite, Gr = Green rust, Sh = Schwertmannite 
34 
 
Fig. 7 Stability diagrams for the aqueous Fe-O-H2O system 
35 
 
Fig. 8 Three fractions of arsenic from columns  
 
